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Abstract
Nitric oxide (NO) plays important physiological roles in the vasculature to regulate angiogenesis, blood flow, and
hemostasis. In solid tumors, NO is generally acknowledged to mediate angiogenic responses to several growth
factors. This contrasts with conflicting evidence that NO can acutely increase tumor perfusion through local va-
sodilation or diminish perfusion by preferential relaxation of peripheral vascular beds outside the tumor. Because
thrombospondin 1 (TSP1) is an important physiological antagonist of NO in vascular cells, we examined whether,
in addition to inhibiting tumor angiogenesis, TSP1 can acutely regulate tumor blood flow. We assessed this activity
of TSP1 in the context of perfusion responses to NO as a vasodilator and epinephrine as a vasoconstrictor. Nitric
oxide treatment of wild type and TSP1 null mice decreased perfusion of a syngeneic melanoma, whereas epineph-
rine transiently increased tumor perfusion. Acute vasoactive responses were also independent of the level of tumor-
expressed TSP1 in a melanoma xenograft, but recovery of basal perfusion was modulated by TSP1 expression. In
contrast, overexpression of truncated TSP1 lacking part of its CD47 binding domain lacked this modulating activity.
These data indicate that TSP1 primarily regulates long-term vascular responses in tumors, in part, because the tumor
vasculature has a limited capacity to acutely respond to vasoactive agents.
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Introduction
Solid tumor growth requires the generation of new blood vessels
from an established vascular network, a process termed angiogenesis.
The newly formed vascular network provides necessary nutrients and
oxygen tomeet the increased metabolic demand of the growing tumor.
Tumor angiogenesis is an intensely pursued therapeutic target for treat-
ing cancers. Although several antiangiogenic drugs have attained US
Food and Drug Administration approval and significantly delay tumor
progression, hypertension is a frequent adverse effect of these agents
[1]. If arteries supplying the tumor are selectively constricted, this
adverse effect could contribute to the efficacy of antiangiogenic drugs.
If instead these drugs induce systemic hypertension, the resulting in-
creased tumor perfusion could limit their efficacy [2,3].

Although long-term control of angiogenesis can clearly limit tumor
growth, acute regulation of tumor blood flow and dynamics may be
more difficult. The intratumor vasculature is poorly organized, and
it displays variability in flow and tissue perfusion. Intratumoral vessels
typically lack anatomic elements required for normal vasoactive re-
sponses including autonomic neural elements [4]. Additionally, some
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tumors lack lymphatic vessels, which combined with increased vas-
cular permeability increases interstitial pressure and decreases tumor
perfusion [5]. Increased tumor interstitial pressure encourages vascular
and lymphatic collapse, stagnation, and reversal of arterial flow [5,6].
Consequently, tumor blood flow is very heterogeneous, with areas
of significant under perfusion and hypoxia [7]. Additionally, tumor
vessels display dynamic changes that are specific for the growth stage
of the tumor [8]. Such irregularity in flow confounds effective delivery
of therapeutic agents to tumor tissue [9,10]. In contrast, adjacent
blood vessels that feed tumor vessels do contain normal vascular anat-
omy and should respond to vasoactive challenges in a predictable fash-
ion. Limiting tumor perfusion with agents that can predictably
enhance or retard tumor blood flow represents a potential therapeutic
avenue [11,12]. An alternative strategy to acutely control flow using
agents that cause rapid tumor vascular thrombosis and obliteration
has also shown promise [13].
Nitric oxide (NO) is an important signaling molecule for acute

regulation of blood flow and for long-term angiogenic responses. It
is constantly produced by vascular cells, and it relaxes the arterial
component of blood vessels [14]. The direct effect of vessel relaxation
is to increase blood flow and tissue perfusion. Chronic exposure to
NO drives the formation of new blood vessels by stimulating both
endothelial and vascular smooth muscle cell (VSMC) proliferation
and migration as part of a physiologic response to normal wound
healing and during tumor growth and metastasis [15,16]. Further-
more, endogenous NO can be limiting for tumor blood flow [17].
Several studies have reported that inhibition of NO synthase using
either N -nitro-L-arginine methyl ester or N ω-nitro-L-arginine results
in decreased total tumor blood flow in animal models [18–22] or has
inhibitory effects on tumor growth [23]. These reports are supported
by studies demonstrating that tumor blood flow is increased by ex-
ogenous NO donors [24] (and reviewed in Refs. [25–27]). Other
studies, however, found that NO can decrease tumor blood flow in
animal models, which has been attributed to a steal effect [28].
Consistent with these conflicting studies in rodents, attempts to

demonstrate therapeutic responses through manipulation of tumor
blood flow have been modest in people [23,29–31]. Nonspecific in-
hibition of endogenous NO production in a recent phase I trial in
patients with several tumor types documented immediate decreases
in tumor blood volume using contrast-enhanced computed tomog-
raphy [30]. In some cases, tumor blood volume remained decreased
for 24 hours. In contrast, treatment of patients with hepatic tumors
using a continuous infusion of epinephrine increased tumor blood
flow in 66% of cases [32].
The matricellular protein thrombospondin 1 (TSP1) was the first

identified endogenous angiogenesis inhibitor [33,34]. Its expression
is frequently lost in some types of human tumors. Conversely, over-
expression of TSP1 in experimental tumors dramatically decreases
tumor growth rate, neovascularization, and metastasis [35]. Throm-
bospondin 1 inhibits NO signaling in both endothelial and VSMC
by inhibiting activation of soluble guanylyl cyclase (sGC) [15,36]. In
VSMC and in vivo, TSP1 limits vasorelaxation by NO [37]. Under
an ischemic stress, blocking TSP1 acutely increases tissue blood flow
and perfusion [37]. The ability of TSP1 to abrogate NO-stimulated
angiogenesis and blood flow changes requires the cell surface receptor
CD47 [36]. Targeting this receptor mimics the inhibitory actions of
TSP1 on NO-driven vascular responses [38].
Given the pivotal role that TSP1 plays in controlling NO-driven

vascular responses and blood flow in nontumor vascular networks,
we hypothesized that, in addition to its antiangiogenic activity,
TSP1 may acutely regulate flow in the peritumoral or tumoral vas-
culature. A recent histochemical analysis of pancreatic tumors in
mice treated with recombinant TSP1 type 1 repeats inferred that this
treatment decreased tumor blood flow [39], but a direct assessment
of flow was not performed. Here, we approach this question by as-
sessing the role of host and tumor TSP1 expression in regulating
acute tumor blood flow responses. We present evidence that vasoac-
tive agents such as NO and epinephrine primarily alter tumor perfu-
sion in an indirect manner. Thrombospondin 1 expressed in the
tumor vasculature does not alter such blood flow responses to vaso-
active stimuli. In contrast, overexpression of TSP1 by tumor cells
moderately decreases tumor blood flow responses to NO and epi-
nephrine. These results provide important insights for evaluating ef-
forts to directly alter tumor blood flow using vasoactive agents and
for maximizing the efficacy of angiogenesis inhibitors.
Materials and Methods

Animals
Wild type and TSP1 null C57BL/6mice were housed in a pathogen-

free environment and had ad libitum access to standard rat chow
and water. Cr(Cnr)athymic<nu>fBf female mice were obtained
from Charles River (Taconic, MD). Care and handling of animals
comply with standards established by the Animal Care and Use Com-
mittee of the National Cancer Institute.
Reagents and Cells
The murine B16F10 melanoma cell line was kindly provided by

Dr. Lyuba Varticovski. Cells were expanded in standard growth me-
dium (RPMI with 10% FCS; Gibco, Grand Island, NY) and frozen
at uniform passage for injection in mice. The human melanoma cell
line, MDA-MB-435, was previously transfected with a CMV-
THBS1 expression plasmid, and TSP1 expression was quantified as
described [40]. The parental cell line, a TSP1-overexpressing clone
(TH26) and a clone expressing a C-terminal truncation of TSP1
(TH50) were used. Cells were MAP tested and expanded in com-
plete DMEM containing 10% fetal bovine serum and 750 μg/ml
G418 (Gibco-BRL, Gaithersburg, MD) and frozen for future use.
Porcine femoral artery VSMC were harvested from Yucatan white
hairless miniature pigs and cultured in SM-GM +2.5% FCS (Lonza,
Belgium). Bovine aortic endothelial cells (BAECs) were prepared
from fresh aortic segments and grown in DMEM containing 10%
fetal bovine serum, penicillin G (100 units/ml), and streptomycin
(100 μg/ml).
Blood Oxygen Level–Dependent Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) scans were acquired using a

4.7-T scanner (Bruker BioSpin, Karlsruhe, Germany) and isoflurane
anesthesia. Muscle and tumor tissue was scanned at rest, so altera-
tions in oxygenation reflected changes in perfusion rather than in ox-
ygen consumption. Magnetic resonance measurements were started
after the mouse’s body temperature reached 37°C. Before the ex-
periments, a multislice multiecho (MSME) sequence was used to de-
termine the target slice location. A series of T2*-weighted gradient
echo blood oxygenation level–dependent (BOLD) image data sets
transverse to the midpoint of the femur were repeatedly acquired
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Figure 1. NO-stimulated angiogenesis in B16F10 melanomas is inhibited by exogenous TSP1. B16F10 tumor biopsies (1 mm3) excised
from sex- and age-matched wild type and TSP1 null mice were embedded in three-dimensional collagen matrix and incubated in growth
medium±DETA/NO (10 μM) (A, left panel) or ± TSP1 (2.2 nM; A, right panel). Sex- and age-matched athymic nudemicewere injectedwith
equal numbers of control MDA-MB-435, clone TH26, or clone TH50 tumor cells to the lateral thigh. Tumor size was determined with cal-
ipers by the same examiner at the indicated time intervals, and volumes were calculated (B). Sex- and age-matched athymic nude mice
were injectedwith equal numbers ofMDA-MB-435, Neo vector-transfected, clone TH26, or clone TH50 cells to the lateral thigh. Equal sized
tumors were excised, and 1 mm3 biopsies were embedded in collagen matrix with growth medium ± NO (DETA/NO 10 μM) (C). After
7 days of incubation, vascular cell invasion was quantified as the distance of farthest cell invasion from the biopsy border in each of four
quadrants. Sex- and age-matched athymic nude mice were injected with equal numbers of MDA-MB-435, Neo vector-transfected, clone
TH26, or clone TH50 cells to the lateral thigh. Equal sized tumors were excised, and 1-mm3 biopsies were embedded in collagen matrix
with growth medium. After 7 days of incubation, cytospin immunocytochemistry of matrix-invading cells was performed. CD31-positive
staining cells were counted in 10 random high-power fields from each tumor explant and presented as mean ± SD (D). Bovine aortic
endothelial cells were cultured under empty Transwell chambers or chambers that contained parental MDA-MB-435 or clone TH26 cells,
and the BAECs were imaged (E). Results are representative of three independent experiments.
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vessels through active dilation of normal vascular networks through a
steal effect. Conversely, constriction of peripheral vasculature using
epinephrine acutely increased blood flow into these tumors, presum-
ably by increasing the mean pressure in arteries supplying the tumor.
Therefore, the tumor behaves in both cases as a passive resistance
whose flow is inversely related to that in the host periphery.
The presence of TSP1 in the tumor vasculature and surrounding

normal tissues of the host animal had minimal effects on acute reg-
ulation of tumor blood flow. In contrast, overexpression of TSP1 by
the tumor cells significantly attenuated blood flow changes after NO
treatment (Figure 5, C and D), supporting a role for TSP1 in mod-
ulating tumor blood flow responses. Intravenous treatment with the
type 1 repeats of TSP1 was inferred to alter blood flow in pancreatic
tumors [39]. Assessed by intravenous injection of fluorescein-labeled
dextran and histologic analysis of excised tumors, treated animals
had decreased total vessel area and less fluorescence signal in CD31-
positive vessels. Although suggesting a decrease in vessel filling and
blood flow, these findings may represent primarily a loss of perfused
vessels rather than a change in flow, which was not directly assessed.
The type 1 repeats can block NO signaling in vascular cells through
CD36 [15,55], but our previous studies in ischemic injury models in-
dicate that CD36 signaling does not significantly contribute to
acute regulation of blood flow [38]. Thus, the antitumor activity of
TSP1-based drugs targeting CD36 may occur exclusively through in-
hibiting angiogenesis rather than flow, the latter being controlled
through CD47.
At the cellular level, vascular cells are the major target for this acute

activity of NO in tumors because most tumor cells do not demon-
strate NO-driven cyclic nucleotide signaling. MDA-MB-435 cells
and clones from the same parent did not demonstrate an accumula-
tion of intracellular cGMP after treatment with NO. This lack of
response is not unique to MDA-MB-435 cells. Several other com-
mon tumor cell lines including B16F10, PC3, and SKOV3 cells
failed to demonstrate a cGMP flux after NO treatment (data not
shown). Tumor blood vessels have also been found incapable of pro-
ducing NO in response to acetylcholine [56]. Thus, tumors generally
lack NO-responsive cGMP signaling.
Consistent with our data, increased tumor blood flow has been

found in animal models after challenge with one [3,57,58] or more
vasoconstrictors [59] alone or in combination with β-blockers such
as propranolol [60]. The same response has been confirmed in pa-
tients [32,61]. However, the increased tumor perfusion induced by
systemic treatment with vasoconstrictors was relatively brief. Pro-
longed increases in tumor blood flow could only be achieved through
continuous infusion of the vasoconstrictor [3]. In a xenograft soft
tissue tumor model, we found moderate enhancement of tumor
blood flow after a single i.p. dose of epinephrine. As with NO, blood
flow changes to epinephrine were tempered in tumors that overex-
press TSP1. In all cases, tumor blood flow tended to return to base-
line within 30 minutes. Although similar agents can modify tumor
blood flow in people, their use may be limited by increases in heart
rate and blood pressure [61].
Tumor blood flow, therefore, is a passive response to alterations in

flow and resistance in the nontumor vascular networks and system of
the host both regionally and centrally. If vascular resistance beyond
the tumor decreases, as with administration of exogenous NO, blood
rapidly drains from the tumor. Alternatively, increasing peripheral vas-
cular resistance in normal vascular networks with a centrally acting
hypertensive agent redistributes blood into the tumor vasculature.
Acutely, the tumor vasculature is resistant to vasoactive challenge
and registers no direct response.
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